We first predict the ground-state properties of Ca isotopes, using the Gogny-D1S Hartree-Fock-Bogoliubov (GHFB) with and without the angular momentum projection (AMP). We find that 64 Ca is an even-dripline nucleus and 59 Ca is an odd-dripline nucleus, using A dependence of S1, S2. As for S1, S2 and EB, our results agree with the experimental data in 40−58 Ca. As other ground-state properties of 40−60,62,64 Ca, we consider charge, proton, neutron, matter radii, neutron skin and deformation, and predict the values up to the even dripline. As for charge radii, our results are consistent with the experimental data in 40−52 Ca. For 48 Ca, our results on proton, neutron, matter radii agree with the experimental data. Very lately, Tanaka el. al. measured interaction cross section for 42−51 Ca scattering on a 12 C target at an incident energy per nucleon of E lab = 280 MeV. Secondly, we predict reaction cross sections σR for 40−60,62,64 Ca, using a chiral g-matrix doublefolding model (DFM). To show the reliability of the present DFB for σR, we apply the DFM for the data on C scattering on 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, and show that the present DFM is good in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. For 110 < E lab < 240 MeV, our results have small errors. To improve the present DFM for σR, we propose two prescriptions.
I. INTRODUCTION
Systematic understanding of unstable nuclei is a goal in nuclear physics. In fact, neutron-rich nuclei near the neutrondrip line are synthesized in nature by the r process. In particular, the binding energies E B affect the synthesis; see the homepage NuDat 2.7 [1] for the measured values. The odd and the even dripline are determined from mass-number (A) dependence of the one-neutron separation energy S 1 (A) ≡ E B (A) − E B (A − 1) and the two-neutron separation energy S 2 (A) ≡ E B (A) − E B (A − 2); see Ref. [1] [2] [3] [4] for the experimental data.
In many papers using the Glauber model, nuclear matter radii r m are extracted from interaction cross sections σ I and reaction cross sections σ R (σ R ≈ σ I ); see Refs. [5] [6] [7] [8] [9] [10] [11] [12] as important papers. Particularly for halo nuclei, the r m are determined for 6 He, 8 B, 11 Li, 11 Be in Refs. [5, 6] , 19 C in Ref. [9] , 22 C in Ref. [10, 11] and 37 Mg in Ref. [12] . We proposed a parameter quantifying the halo nature of one-neutron nuclei [13] ; see Fig. 3 of Ref. [13] for seeing how halo the nucleus is.
High precision measurements of σ R with 2% error were made for 12 C scattering on 9 Be, 12 C, 27 Al targets in a wide range of incident energies [7] ; say 30 < E lab < 400 MeV for E lab being the incident energy per nucleon. In fact, the r m of 9 Be, 12 C, 27 Al were determined by the Glauber model. Very lately, in RIKEN, Tanaka el. al. measured σ I for 42−51 Ca scattering on a 12 C target at E lab = 280 MeV.
The reliability of the Glauber model was investigated by constructing the multiple scattering theory for nucleusnucleus scattering [14] . The eikonal approximation used in the Glauber model is not good for nucleon-nucleon collision in nucleus-nucleus scattering; see Fig. 1 of Ref. [14] . This * orion093g@gmail.com problem can be solved by formulating the Glauber model with the multiple scattering theory. The formulation shows that the nucleon-nucleon collision should be described by the g matrix for lower energies and by the t matrix for higher energies. The Glauber model is thus justified for higher E lab , say in E lab > 150 MeV.
The g-matrix DFM [15] [16] [17] [18] [19] [20] [21] [22] is a standard way of deriving microscopic optical potentials of nucleus-nucleus elastic scattering. The g-matrix DFM is thus a standard method for calculating σ R . The microscopic potentials are obtained by folding the g matrix with projectile and target densities. In fact, the potentials have been used to analyze elastic scattering in many papers. Using the DFM with the Melbourne g-matrix, we discovered that 31 Ne is a halo nucleus with strong deformation [18] , and determined, with high accuracy, the r m for Ne isotopes [19] and for Mg isotopes [21] , As for the symmetric nuclear matter, Kohno calculated the g matrix by using the Brueckner-Hartree-Fock (BHF) method with chiral N 3 LO 2NFs and NNLO 3NFs [23] . The BHF energy per nucleon becomes minimum at ρ = 0.8ρ 0 for the cutoff scale Λ = 550 MeV [24] , if the relation c D ≃ 4c E is satisfied, where ρ is nuclear matter density and ρ 0 stands for the normal density. He then took c D = −2.5 and c E = 0.25 so that the energy per nucleon may be minimum at ρ = ρ 0 . Eventually, a better saturation curve was obtained. The framework is applied for positive energies. The resulting non-local chiral g matrix is localized into three-range Gaussian forms by using the localization method proposed by the Melbourne group [16, 25, 26] . We refer to the resulting local g matrix as Kyushu g matrix in this paper [22] .
As an ab initio method for structure of Ca isotopes, we can consider the coupled-cluster method [27, 28] with chiral interaction. Chiral interactions have been constructed by two groups [29] [30] [31] . Among the effective interactions, NNLO sat [32] is the next-to-next-to-leading order chiral interaction that is constrained by radii and binding energies of selected nuclei up to A ≈ 25 [28] . In fact, the ab initio calculations were done for Ca isotopes [28, 32, 33] . Garcia Ruiz el. al. evaluated the region of charge radii r ch for 40−54 Ca [33] , using the coupled-cluster method with two lowmomentum effective interactions, SRG1 [34] and SRG2 [35] , derived from the chiral interaction with the renormalization group method.
Particularly for a neutron-rich double-magic nucleus 48 Ca, the neutron skin r skin = r n − r p was directly determined from a high-resolution measurement of E1 polarizability in RCNP [36] , where r n and r p are the rms radii of neutron and proton distributions, respectively. The value r skin = 0.14-0.20 fm is important to determine not only the equation of state but also r n and r m of 48 Ca. Using r p =3.40 fm [37] [38] [39] evaluated from the electron scattering, we can find that r n = 3.54-3.60=3.57(3) fm and r m = 3.48-3.52=3.50(2) fm.
In this paper, we predict the ground-state properties of Ca isotopes using the Gogny-D1S Hartree-Fock-Bogoliubov (GHFB) with and without the angular momentum projection (AMP) [40] , and predict σ R for scattering of Ca isotopes on a 12 C target at E lab = 280 MeV by taking the Kyushu g-matrix DFM [22] . The GHFB with and without the AMP are referred to as "GHFB+AMP" and "GHFB", respectively. Details of our predictions are shown below.
As an essential property of Ca isotopes, we first determine the odd and even driplines for Ca isotopes by seeing A dependence of S 1 and S 2 , and find that 64 Ca is an even-dripline nucleus and 59 Ca is an odd-dripline nucleus. As for E B , S 1 , S 2 , our results agree with the experimental data for 40−58 Ca [1] [2] [3] [4] . Our results are thus accurate enough for the prediction on the odd and even driplines.
As other grand-state properties, we consider r ch , r p , r n , r m , r m , r skin , deformation for 40−60,62,64 Ca. As for the charge radii r ch , our results are consistent with the data [38] determined from the electron scattering in 40−52 Ca. As for r p , r n , r m , r skin , the experimental data are available for 48 Ca [36] , and our results agree with the data. The success on the ground-state properties indicates that the densities calculated with GHFB and GHFB+AMP are reliable for Ca isotopes.
The Kyushu g-matrix folding model is successful in reproducing the differential cross sections of p scattering at E lab = 65 MeV [41] and of 4 He scattering at E lab = 30 ∼ 200 MeV [22, 42] . However, it is not clear whether the Kyushu g-matrix DFM is reliable for σ R . In order to investigate the reliability, we apply the Kyushu g-matrix DFM for measured σ R on 12 C scattering from 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, and confirm that the present DFM is reliable in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. We then predict σ R for scattering of Ca isotopes on a 12 C target at E lab = 280 MeV, using the Kyushu g-matrix DFM [22] . The reason for this prediction is that (1) the data on σ R for 42−51 Ca will be available soon and (2) the densities are determined accurately for Ca isotopes.
The present DFM is not accurate enough for 12 C-12 C scattering in 110 < E lab < 240 MeV. In order to improve the present DFM in 110 < E lab < 240 MeV, we propose two prescriptions.
We explain our framework in Sec. II. Our results are shown in Sec. III. Section IV is devoted to a summary.
II. FRAMEWORK
Our framework is composed of GHFB and GFHB+AMP for structure and the Kyushu-g DFM for reaction.
We determine the ground-state properties of Ca isotopes, using GHFB and GHFB+AMP [40] . In GHFB+AMP, the total wave function |Ψ I M with the AMP is defined by
whereP I MK is the angular-momentum-projector and the |Φ n for n = 1, 2, · · · , N + 1 are mean-field (GHFB) states, where N is the number of the states that one can block. The coefficients g I Kn are determined by solving the following Hill-Wheeler equation,
with the Hamiltonian and norm kernels defined by
For odd nuclei, we have to put a quasi-particle in a level, but the number N of the blocking states are quite large. It is not easy to solve the Hill-Wheeler equation with large N . Furthermore, we have to confirm that the resulting |Ψ I M converges with respect to increasing N for any set of two deformations β and γ. This procedure is quite time-consuming. For this reason, we do not consider the AMP for odd nuclei. As for GHFB, we consider the one-quasiparticle state that yields the lowest energy, so that we do not have to solve the Hill-Wheeler equation. However, it is not easy to find the values of β and γ at which the energy becomes minimum in the β-γ plane.
For even nuclei, there is no blocking state, i.e., N = 0 in the Hill-Wheeler equation. We can thus consider GHFB+AMP. However, we have to find the value of β value at which the ground-state energy becomes minimum. In this step, the AMP has to be performed for any β, so that the calculation is still heavy. In fact, the AMP is not taken for most of mean field calculations; see for example Ref. [43] . The reason why we do not γ deformation is that the deformation does not affect σ R [19] .
As a result of he heavy calculations for even nuclei, we find that β is small for GHFB+AMP. Meanwhile, the mean-field (GHFB) calculations yield that the energy surface becomes minimum at β = 0. The fact that β = 0 for GHFB and small for GHFB+AMP yields small difference between GHFB results and GHFB+AMP ones; see Table I for the values of β.
In the table, we also show the values of β and γ for odd nuclei.
We predict σ R for scattering of 40−60,62,64 Ca on a 12 C target at E lab = 280 MeV, using the Kyushu g-matrix DFM [22] . In the DFM, the potential U between a projectile and a target is obtained by folding the Kyushu g-matrix with the projectile and target densities; see Eq. (9) of Ref. [22] . As for the densities, we adopt both GHFB and GHFB+AMP for even nuclei and GHFB for odd nuclei. As a way of making the center-of-mass correction, three methods were proposed in Refs. [10, 19, 44] . We used the method of Ref. [19] , since the procedure is quite simple. As already mentioned in Sec. I, the present folding model is successful in reproducing the differential cross sections of p scattering at E lab = 65 MeV [41] and of 4 He scattering at E lab = 30 ∼ 200 MeV [22, 42] . To show the reliability of the present DFB for σ R , we apply the present DFM for the data on C scattering on 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, and will show, in Sec. III, that the present DFM is good in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. For light nuclei 9 Be, 12 C, 27 Al, we take the phenomenological densities [37] deduced from the electron scattering; note that the phenomenological densities reproduce the experimental data [7] on r m . For the densities of even Ca isotopes, we take GHFB with β = 0 and GHFB+AMP with β deformation in order to investigate effects of β deformation. As for the densities of odd Ca isotopes, we adopt GHFB in which β and γ deformations are taken into account.
III. RESULTS
Using GHFB and GHFB+AMP, we first determine the odd (even) dripline of Ca isotopes by seeing the values of S 1 (S 2 ), and find that 64 Ca is an even-dripline nucleus and 59 Ca is an odd-dripline nucleus. For 40−60,62,64 Ca, we then present the ground-state properties (E B , S 1 , S 2 , r ch , r p , r n , r m , r skin , deformation). The theoretical results are consistent with the corresponding data. In the case that the experimental data are not available, we predict the the ground-state properties of 40−60,62,64 Ca, .
As stated in Sec. I, the Kyushu g-matrix folding model is successful in reproducing the differential cross sections of p scattering at E lab = 65 MeV [41] and of 4 He scattering at E lab = 30 ∼ 200 MeV [22, 42] . However, it is not clear whether the present DFM is reliable for σ R . We then apply the present DFM for measured σ R on 12 C scattering on 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, and show that the present DFM is reliable in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. After confirming the reliability of the Kyushu g-matrix DFM, we predict σ R for scattering of 40−60,62,64 Ca on a 12 C target at E lab = 280 MeV, since the data on σ R will be available soon for 42−51 Ca and the r m are unknown for Ca isotopes except for 48 Ca. The prediction is made with the GHFB densities, since we confirm that effects of the AMP on σ R are small.
A. Determination of even and odd driplines for Ca isotopes
We determine even and odd driplines, seeing A dependence of S 1 (A) and S 2 (A) and using the fact that nuclei are unbound for negative S 1 (A) and S 2 (A). [1] [2] [3] . Seeing A dependence of GHFB results, we can find that 64 Ca is an even-dripline nucleus and 59 Ca is an odd-dripline nucleus. The result is consistent with the observed line in Fig.  3 of Ref. [4] . Figure 3 shows r ch as a function of A. The GHFB+AMP results agree with the GHFB ones for even Ca isotopes; in fact, the former deviates from the latter at most by 0.66 %. For this reason, the GHFB+AMP results are not shown in Fig. 3 . The GHFB results (closed circles) reproduce the experimental data (crosses) [38] derived from the electron scattering for 40−52 Ca; the former is deviated from the latter at most 0.9 %. For 40 Ca, the GHFB result agrees with the results [28] (open circle) of coupled-cluster calculations based on NNLO sat . Figure 4 shows r p , r n , r m , r skin as a function of A. The difference between GHFB+AMP (open circles) and GHFB (closed circles) is small for even Ca isotopes; in fact, the former deviates from the latter at most by 0.8 % for r m . The reason for the small difference is that β is small for GHFB+AMP and zero for GHFB, as shown in Table I . Particularly for 48 Ca, the experimental data are available [36] . The deviation of the GHFB+AMP result from the data (crosses) and is 1.1 % for r m . This indicates that the GHFB+AMP and GFHB are good enough for explaining the data. Our results on radii and skin are tabulated in Table II At first, we confirm the reliability of the present DFM for σ R at E lab = 280 MeV, as seen in Fig. 5 . The DFM results (open circles) reproduce the experimental data (crosses) [7] for 9 Be, 12 C, 27 Al. Also for 40 Ca, good agreement is seen between the DFM result with GHFB+AMP density (open circle) and the experimental data (cross); note that E lab = 250.7 MeV for the data [12] . Figure 6 is our prediction on σ R for 40−60,62,64 Ca at E lab = 280 MeV. For 40 Ca, the DFM results with GHFB and GHFB+AMP densities (open and closed circles) agree with the experimental data [12] at E lab = 250.7 MeV. The differ-ence between the GHFB and GHFB+AMP densities is small. This comes from the fact that for even Ca isotopes β is zero for GHFB and small for GHFB+AMP; see Table I Through the analyses in Sec III C∼III E, we can conclude that the σ R calculated with the Kyushu g-matrix DFM is valid for 40−60,62,64 Ca+ 12 C scattering at E lab = 280 MeV. We then investigate how reliable the present DFM is for a wide range of E lab . For this purpose, we consider 12 C scattering on 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, since highquality data are available [7] . Figure 7 shows σ R as a function of E lab for 12 C+ 12 C scattering. Comparing our results with the data [7] , we confirm that the present DFM is reliable in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. The g-matrix DFM results (closed squares) yield much better agreement with the experimental data (crosses) than the t-matrix DFM results (open circles) do; note that only the KYUSHU and the Melbourne g-matrix tend to the t-matrix, as ρ becomes zero. At E lab = 380 MeV, the t-matrix DFM result overestimates the data only by 4%, so that we may consider that the t-matrix DFM is accurate enough for 12 C+ 12 C scattering in E lab > 400 MeV. Since the maximum error is still small, we guess that it comes from higher-order terms of chiral expansion for bare nucleon-nucleon force. Further explanation will be shown in Sec. IV In order to minimize the error for other systems, we multiply "σ th R (other system) calculated with the g-matrix DFM" by the factor f (E lab ) and call the result "the renormalized gmatrix DFM result" from now on. Figure 9 shows E lab dependence of σ R for 12 C scattering on 9 Be and 27 Al targets. The renormalized g-matrix DFM results (closed squares) agree with the experimental data (crosses) [7] The agreement between the DFM results and the data is not perfect for 12 C-12 C scattering. We then fit the imaginary part of the potential (g matrix) to the data on σ R . The fitting factor f w is shown in Fig. 10 . The f w tends to 1 as E lab increases. Figure 11 shows the results of DFM with the fitted g matrix for 12 C scattering on a 7 Be target. The fitted DFM well reproduces the data in E lab > 300 MeV. For the other E lab , the fitted DFM overestimates the data at most 13%. FIG. 11. E lab dependence of σR for 12 C scattering on 7 Be target. Closed squares mean the fitted g-matrix DFM results. The experimental data (crosses) are taken from Ref. [7] .
C. Charge radii of Ca isotopes

D. Radii and skin of Ca isotopes
IV. SUMMARY
We predicted the ground-state properties of Ca isotopes using GHFB and GHFB+AMP, and predicted the σ R for scattering of Ca isotopes on a 12 C target at E lab = 280 MeV by using the Kyushu g-matrix DFM [22] . Details of the predictions are shown below.
As an important property of Ca isotopes, we first determined the odd and even driplines by seeing A dependence of S 1 and S 2 , and found that 64 Ca is an even-dripline nucleus and 59 Ca is an odd-dripline nucleus. As for E B in addition to S 1 , S 2 , our results agree with the experimental data [1] [2] [3] [4] in 40−58 Ca. Our results are thus accurate enough for the prediction on the odd and even driplines.
As other grand-state properties of Ca isotopes, we considered r ch , r p , r n , r m , r m , r skin , deformation for 40−60,62,64 Ca. For 40−52 Ca, the r ch calculated with GHFB and GHFB+AMP are consistent with those [38] deduced from the electron scattering. As for r p , r n , r m , r skin , the experimental data are available for 48 Ca [36] , and our results agree with the data. The success mentioned above for the ground-state properties indicates that the densities calculated with GHFB and GHFB+AMP are reliable for Ca isotopes.
The Kyushu g-matrix folding model is successful in reproducing the differential cross sections of p scattering at E lab = 65 MeV [41] and of 4 He scattering at E lab = 30 ∼ 200 MeV [22, 42] . However, it is not clear whether the Kyushu g-matrix DFM is reliable for σ R . We then applied the Kyushu g-matrix DFM for measured σ R on 12 C scattering from 9 Be, 12 C, 27 Al targets in 30 < E lab < 400 MeV, and confirmed that the Kyushu g-matrix DFM is reliable in 30 < E lab < 100 MeV and 250 < E lab < 400 MeV. We then predict σ R for scattering of Ca isotopes on a 12 C target at E lab = 280 MeV, using the Kyushu g-matrix DFM. The reason for this prediction is that (1) the data on σ R for 42−51 Ca will be available soon and (2) the densities are determined accurately for Ca isotopes.
The present DFM is not accurate enough for 12 C-12 C scattering in 110 < E lab < 240 MeV. Whenever we use the chiral interaction, E lab should be smaller than Ł = 550 MeV. In general, the chiral g-matrix DFM becomes less accurate as E lab increases. The small error in 110 < E lab < 240 MeV seems to come from terms higher than the present order. The reason why the present DFM is good for higher E lab is that the present g-matrix tends to the t-matrix as E lab increases. In order to improve the present DFM in 110 < E lab < 240 MeV, we have proposed two prescriptions. The renormalized DFM proposed is good for 30 < E lab < 400 MeV. The values of the present g-matrix is published in Ref. [22] and the homepage http://www.nt.phys.kyushu-u.ac.jp/english/gmatrix.html. For E lab > 400 MeV, we recommend to use the t-matrix DFM.
